Introduction
Dissolution dynamic nuclear polarization (dDNP [1] ) is a promising method to increase sensitivity in nuclear magnetic resonance (NMR) spectroscopy and imaging (MRI). Orders-of-magnitude enhancements can be delivered by dDNP for solution samples, depending on the targeted nucleus and on the kind of the observed system. Maximal post-dissolution enhancements are usually achieved by carrying out high-field cryogenic hyperpolarization on slowly relaxing nuclei, such as those arising in the non-protonated sites of small-or medium-sized molecules. For larger biomolecules and/or when targeting rapidly relaxing sites, such as 1 Hs, the cryogenic spin alignment is also high. However, the rapid relaxation experienced by the spins during the time elapsed between the sample dissolution and the high-resolution liquid-phase spectral acquisition, can rob the experiment from much of its usefulness. Several efforts have been proposed to surmount this problem, including storing magnetization as singlet states [2] [3] [4] [5] and modifying the hardware to minimize the time during which the sample travels between the polarizing and the NMR fields. [6] Additional improvements in the sample-melting and injection procedures have recently enabled measuring dDNP NMR spectra of biomolecules. [7] Despite these advances, dDNP has been mostly confined to 13 C sites in small molecules with relatively long longitudinal relaxation times. [8] [9] [10] [11] [12] [13] A feature of the dDNP process rests in the fact that, prior to the dissolution and the transfer step, the sample is maintained at cryogenic conditions. Under these conditions the nuclear T 1 s can become exceedingly long-minutes to hours-both for dilute and abundant nuclei. Given these long relaxation times the possibility arises to polarize multiple nuclei in a given sample, either by relying on simultaneous thermal mixing if electron linewidths are comparable to the nuclear Larmor frequencies, [14] or by targeting multiple DNP conditions if these profiles are characterized by resolved solid effects. In this latter instance one could first hyperpolarize the 13 C nuclei by irradiating the polarizing radical off-resonance by the 13 C Larmor frequency offset, and then switching the microwave pumping to protons by shifting the offset by the 1 H Larmor frequency. Given the relatively long cryogenic T 1 times of the 13 C (hours) in comparison to the 1 H DNP build-up times (minutes), no significant fraction of the previously created 13 C hyperpolarization would be lost. This study explores some of the features that arise when high-resolution liquid-state spectra are collected on a sample, in which the nuclei were polarized in this manner prior to the dissolution step. It was found that suitable hyperpolarization conditions can then lead to unusual liquid-state 1 H NMR spectra displaying intense peaks which result from the 13 H NMR satellite resonances. The dynamics of these novel cross-relaxation phenomena were determined, and their potential usefulness as tools for investigating hyperpolarized ensembles and for obtaining enhanced-sensitivity 1 H NMR traces was explored.
nues for exploiting these effects to polarize rapidly relaxing nuclei such as 1 Hs in solutions, are put forward.
Materials and Methods
Dissolutions were performed using two different Oxford Instruments Hypersense polarizers. NMR spectra were acquired using a 500 MHz Varian spectrometer and a 400 MHz Bruker spectrometer, on conventional 5 mm NMR double-resonance probes. Timedependent post-dissolution 13 C and 1 H acquisitions were collected in a rapid and interleaved succession on the 500 MHz spectrometer; conventional 1D 1 H NMR series were collected at 400 MHz. BDPA (Sigma-Aldrich) was used as polarizing agent in all samples, at a 40 mm concentration. Pyridine and quinoline were mixed in equal proportions with [D 6 ]DMSO to create their respective glassy matrices at low temperatures. Toluene was hyperpolarized undiluted as it self-glasses. All dissolutions were performed with approximately 4 mL methanol as the solvent, which rapidly melted and subsequently transferred the sample. Samples were polarized either at the full ( % 180 mW) or half ( % 100 mW) the power of the microwave unit. Simulations and fits were performed using Matlab 7.10 (The Mathworks) and Mathematica (Wolfram). All spectra are displayed in reference to the transmitter offsets used for their respective acquisitions. Figure 1 shows the basic phenomenon examined in this study, using pyridine as a prototypical organic dDNP target. Shown in Figure 1 a is the conventional 1D 1 H NMR thermal spectrum. Dissolution counterparts arising upon preceding the NMR by DNP polarization at Àw H and + w H offsets away from the central w e Larmor frequency of the polarizing radical are shown in Figure 1 b and c. Given the relatively inefficient solid-effect process driving DNP for the B 0 field and for the radical used, the recording of opposite-phased resonances showing an approximately tenfold enhancement compared to the thermal counterpart, is as expected. Less intuitive are the 1D 1 H NMR spectra in Figure 1 d and e, arising from acquisitions, in which the w e AE w H irradiation of the previous two experiments was preceded by approximately 3 h of microwave irradiation at the 13 C w e + w c solid-effect conditions. Notice that in addition to the expected centerband behavior, these traces show the appearance of previously unobserved peaks with a phase-invariant behavior. The appearance of the new peaks in Figure 1 d and e is not unique to pyridine. (Figure 1 ). In addition, the role played by the 13 C can be observed in Figure 3 , which illustrates the time progression of dDNP 1 H spectra acquired following the polarizations with w e + w C (Figure 3 b) and w e Àw H (Figure 3 c) . These small-tip-angle time series, as well as more extensive ones, addressing pyridine and other compounds, are included in animated formats in the Supporting Information. All of these evidence an initial growth and subsequent decay of the anomalous peaks when pumping the 13 C DNP. In contrast, if only the 1 Hs are pumped, the 13 Cbound proton peaks mimic the mono-exponential decay of the 12 C-bound centerbands. Moreover, the anomalous peaks remain in their resonance positions as their intensities eventually decay into the usual appearance of 13 C-bound proton satellites, thereby confirming their origin.
Results and Discussion
The differences observed upon polarizing just the 1 Hs under cryogenic conditions versus the 1 H traces observed upon hyperpolarizing the heteronuclei suggest the onset of a multispin process that differentially affects 1 Hs bonded to 12 C and 13 C. Such processes are known to arise upon executing cryo- genic DNP experiments in the solid state; [14, 15] it is further evidenced in the microwave frequency sweep shown in Figure 4 , which reflects the 13 C polarization detected in the solid state for a pyruvic acid sample. Beyond the dominant doubleand zero-quantum solid-effect peaks at w e AE w C , minor resonant transfer phenomena are aligning the 13 C bulk magnetizations with opposite signs of polarization at microwave frequencies of w e AE w H AE w C /2, that derive from simultaneous solid and cross effects. [16] A possible source of anomalous 1 H hyperpolarization could thus involve multiple forbidden transitions between all three spins-a double solid effect of the kind first described by de Boer. [17] To evaluate whether these effects could be relevant to the experiments in ) showing the appearance of anomalous peaks upon dDNP. Conventional spectra are shown at the top, acquired on the dissolution samples that were subject to dDNP after they have returned to thermal equilibrium. Shown at the bottom are hyperpolarized spectra acquired on these samples immediately after their dissolution and injection. In the quinoline hyperpolarized spectrum both the 12 C and the 13 C-bonded protons are polarized opposite to thermal polarization with the 13 C-bonded protons appearing disproportionately large at approximately half the intensity of the 12 C-bonded protons. Prior to injection the quinoline sample was polarized for 3 h at w e Àw C , and then at % w e + w H for 20 min. The toluene sample was prepared by polarizing for 3 h at w e + w C , and then at % w e + w H for 20 min. See the Supporting Information for animated spectra of (a, movie 3) and (b, movie 4). 
where h Z describes the Zeeman coupling to the external magnetic field, h HF accounts for the hyperfine/dipole interactions A, and h MW represents the coupling to the oscillating field acting during the DNP process. The hyperfine interaction imparts small corrections to the Zeeman eigenstates; a detailed analysis shows that if the electron has significant hyperfine couplings to both 1 H and 13 C nuclei, second-order corrections to the Zeeman eigenstates may enable microwave-driven transitions between energy levels that are separated by w e AE w H AE w C . Such transitions may in principle lead to enhanced polarization transfers to 1 H nuclei that are in close proximity to 13 Cs. However, since these three-spin phenomena are made possible by second-order corrections to the energy eigenstates, their associated transition rates must be significantly smaller than the rates responsible for the normal solideffect process. A simple estimation of the ratio between the first-order transition rates enabling the two-spin solid effect and the second-order rates enabling these three-spin phenomena is given by Equation (2):
with w C =2p ¼35 MHz and A SH;SC zþ =2p ffi1 MHz taken as typical values. Such ratio between the rates appears, however, too small to lead to the significant 1 H enhancements in Figure 1 and 2, which exceed the conventional solid DNP effects of the 1 H centerbands by two orders of magnitude. Likewise, the emergence of hybrid solid/cross effects among the three spins by irradiation at w e AE w H AE w C =2 would fail, by themselves, to account for the entirety of these phenomena.
Another phenomenon that could be relevant in these multinuclear DNP effects, rests on the truncated 1 4 systems with active nuclear dipole-dipole couplings and compared against counterparts which lacked the 13 C species. In such calculations the initial source of polarization was presumed to be at the carbon-bonded proton and its transfer of polarization to the remaining bulk was examined. The plots illustrated in Figure 5 , suggest that an additional 13 Cdipolar coupling may indeed lead to an enhanced polarization of the directly bonded proton. This phenomenon alone, however, cannot explain the multi-fold enhancement of the spectral 1 H satellite patterns observed in the liquid state. It follows from these arguments that while unusual multispin processes may occur during cryogenic hyperpolarization, the relative contributions of these mechanisms cannot by themselves explain the results in Figures 1 and 2 . With this as premise we focused on heteronuclear cross-relaxation processes happening once the sample has been melted and transferred into high fields as the main cause of the anomalous 1 H peaks. Such processes have been noted by Merritt et al. in 13 Clabeled formate samples. [18] To describe the behavior of protons under the influence of heteronuclear cross-relaxation effects in our 13 C-hyperpolarized samples we went beyond the 13 C DNP enhancements observed in the solid state upon varying the microwave frequency. Dashed vertical lines indicate the (approximate) positions calculated for the microwave at frequencies w e AE w C and w e AE w H , respectively. We ascribe the apparent non-linearity of these phenomena relative to the horizontal frequency axis, to the sweep's use of the microwave unit (Elva-1 VCOM-10) beyond its specified operating conditions. The frequency sweep was acquired on an Oxford Instrument Hypersense with approximately 100 mL of 40 mm BDPA in 13 C-enriched pyruvic acid. Each point in the microwave sweep was acquired following 10 min of microwave irradiation frequency at 177 mW power. Figure 5 . Simulated time evolution of the proton polarization in solid pyridine starting from a non-equilibrium initial state. a) 1 H polarization dynamics with all carbon sites occupied by the 12 C isotope and the H a proton being initially hyperpolarized. b) As in (a) except that the H b proton is initially hyperpolarized. c) Polarization dynamics starting from the same initial state as in (a) but with C a site occupied by the 13 C isotope. d) Polarization dynamics starting from the same initial state as in (b) but with C b site occupied by a 13 C isotope.
basic Solomon analysis used in that study, [19] and refer instead to Goldman's description [20] of a two-spin heteronuclear system in liquids, modified to account for the presence of large chemical shift anisotropies (CSAs) on both the 1 H and 13 C spins involved. Using a notation analogous to Goldman's, the relevant Equations (3a-c) are then:
Parameters involved in these equations include [Eqs. (4a-i)]:
& '
where t c is the correlation time, r is the internuclear distance between a proton and its directly bonded 13 C, a H and a C give the ratios of CSA to the heteronuclear dipolar fields for each species, s k and s ? are the respective components (parallel and perpendicular) of the assumed-axial CSA tensors of the two sites in their principal axes systems, T Hs), and " h is the reduced Planck constant. Taking the 13 Cbonded protons as a doublet spin system, the individual resonances appearing in their spectrum are given by Equations (5a) and (5b):
With this formalism at hand, we set out to fit the data observed in the dissolution trajectories of pyridine and explore if solution cross-relaxation effects could by themselves give a qualitative and quantitative understanding of the anomalous 1 H spectra. (A precaution taken in the fitting of these data included a correction to account for magnetization losses due to pulsing. [21] [22] ) Figure 6 shows two examples of dissolution 1 H and 13 C NMR experiments, corresponding to different initial conditions of the 13 C hyperpolarization. Simulations show a close fit to the acquired data upon adopting Ds C = s ;C k À s ?;C = 120 ppm for the 13 C and Ds H = 10 ppm for the bonded 1 Hs, an internuclear distance of r = 1.08 , and a non-13 C-derived 1 H relaxation loss of T 1 H = 13.4 and 11.7 s for Figure 6 a and b (akin to the T 1 measured by a conventional inversion recovery sequence [23] for the 12 C-bonded 1 Hs: T 1 % 6.75 s at 400 MHz). The initial 13 C polarization at the time at which the sample was injected into the NMR tube was also fitted, giving a best match when set to approximately 14 000 and À8 000 times their thermal counterpart, consistent with other enhancements achieved when using dDNP hardware and methods. Fitting the post-dissolution data also required a t c ; Figure 6 leads to correlation times of 2.75 AE 0.25 ps, a reasonable fit to the t c = 1.85 ps value previously measured for pure pyridine at a slightly different temperature. [24] The good fit between this model and the experimental time series confirms that the extent of the 13 C hyperpolarization directly bears on the extent to which 13 C-bonded protons increase their satellites' intensities. During their initial growth period these post-dissolution fits indicate that the hyperpolarized 13 C nuclei transfer approximately 10 % of their initial polarizations to the bonded protons, reaching a maximum after about 10 s. The 1 H enhancement then persists for approximately a time period of five times T C 1 , and the higher the degree of 13 C hyperpolarization is, the stronger are the satellites in the corresponding 1 H NMR spectrum. Furthermore, the direction in which these proton satellite transitions grow relative to the 1 H centerband is determined by the direction of 13 C polarization ( Figure 6) .
A feature evidenced by all experiments is the systematic difference in the initial intensities of the proton satellites. Analysis of the formalisms embodied by Equations (3)- (5), however, predicts that in the initial absence of the bilinear spin term 2 H z C z , the intensities of the 1 H satellites should have identical intensities. Only the onset of different cross-relaxation effects acting on each H z (1, 2) component of this doublet, due to the combined dipolar/CSA effects, should eventually endow these peaks with a growing asymmetry. This point raises again the possibility that some anomalous phenomenon is already active at time zero; that is, some form of two-spin order originates already in the solid phase or over the course of the low-field sample transfer. [25] However, sample settling in dDNP is a process requiring a certain time before the NMR observations can be carried out; an interval over which the relaxation effects summarized in Equations (3)- (5) could already have been active. Given that data of the kind illustrated in Figure 6 yields an accurate fit of the parameters involved in the cross relaxation. These fitting parameters could be used to back-calculate the nature of the heteronuclear polarization transfer present at the approximate time of injection, which is a blind spot in the dDNP methodology. It is in the order of 2 s, yet it is not 100 % reproducible and hence not known with perfect precision. This uncertainty notwithstanding, Figure 7 presents an estimate of what the polarizations of the individual proton satellites could have been when the sample was injected into the NMR tube at the high magnetic field. Looking at the results of these back-calculations of the dissolution trajectories, it follows that there is most likely a minimal amount of the bilinear spin term 2 H z C z in the system at the time of injection. The back-extrapolations indicate that the two transitions of the 13 C-bound proton doublet have approximately the same magnitude of about 2.2 s before the first spectral acquisition, which is a reasonable time for these methanoldriven sample injections. The sample-settling conditions were optimized with a chase-gas time of 1.75 s and a settling time of approximately 0.12 s, followed immediately by a first spectral acquisition collected on the 13 C nuclei.
A final feature worth remarking is that the cross-correlated relaxation model always predicts that one of the components in the 1 H satellite doublet (the one associated with the À 1 = 2 E 13 C eigenstate) reaches the highest absolute polarization. This occurs regardless of the absolute direction of the 13 C polarization. The spectral sets illustrated in Figure 8 demonstrate a way of Figure 6 , with black dots indicating data that were calculated on the basis of Equations (3) (4) (5) from the first experimental data point, back to the approximate time of injection. Plot insets show that at an estimated time of sample injection of 2.2 s, the back-calculated satellite intensities are nearly equal. c) Simulations of the 13 C 1 H satellites' evolution in dDNP experiments, in which the heteronuclear polarization transfer is governed by Equations (3) (4) (5) , but in which different extents of the bilinear spin term 2 H z C z were assumed to be present at the time of injection. These calculations also assumed a À10000x 13 C hyperpolarization (relative to its thermal equilibrium at 11.74 T), and a 1 H nuclear enhancement of e H % 57 (which is the enhancement expected from transferring an equilibrated sample from 1.5 K and 3.35 T, into a 298 K and 11.74 T NMR setting). Simulations were conducted for three initial amounts of bilinear spin order, revealing an increasing difference between the magnetizations of the two 13 C-bonded proton transitions and increasing deviations from the experimental observations. These results suggest minimal contributions, if any at all, of 2 H z C z bilinear spin order arriving from the solid phase.
reversing/controlling this condition. The corresponding experiments involve inversion of the 13 C populations immediately after sample injection, and allowance of 13 C! 1 H transfer by cross relaxation; notice that proton doublets then end up with an opposite asymmetry than in all the other spectra shown in this report. The overall intensity of the individual proton satellites also undergoes a peculiar trajectory, crossing the zero-intensity line a number of times over the course of their evolution. Calculations based on Equations (3)-(5) are consistent with this train of events, predicting that when the 13 C population is inverted the relative intensities of the 1 H satellites will also be reversed (as a result of the 1808 pulse inverting the bilinear magnetization term 2 H z C z ) and so will the direction of their polarization's enhancement by reaching a maximum and eventually decaying to the thermal equilibrium values (Figure 8 e) . This manipulation illustrates how modulations in the sense of the 13 C polarization are directly mapped into the signals arising from its bonded satellites. This, in combination with the long lifetimes supported by the 13 C spins, opens new ways for the acquisition of 2D heteronuclear correlations in systems subject to this kind of hyperpolarization.
Conclusions
This study discussed aspects arising in 1 H solution-phase NMR when dealing with a combination of strongly non-thermal 13 C polarizations, sizable 13 C relaxation times, and cross-relaxation effects. All these factors can lead to a significant and selective enhancement of the 1 H satellite signals driven by the 13 C hyperpolarization. This was demonstrated by sequentially hyperpolarizing carbon and/or protons and observing the ensuing 1 H NMR spectra in natural-abundance samples; similar effects should arise in systems including enriched 13 C materials, or other DNP target nuclei such as 15 
N.
The resulting enhancements could be further leveraged by collapsing the heteronuclear Jmultiplets into single-site resonances applying decoupling or other strategies, [26] which this study did not attempt, in order to better illustrate the new physical phenomena being targeted. The time-dependent 1 H polarization gains could be well explained by established models for heteronuclear polarization transfer with realistic and convincing values. Although contemplated, no evidence was found regarding the presence of anomalous pre-dissolution solid-state DNP effects such as spindiffusion quenching or three-spin processes; neither was there evidence for the formation in the solid or over the course of the low-field transfer process of multi-spin-ordered states.
The ensuing experiments spontaneously achieved high 1 H polarizations and preserved them on timescales given largely by the T 1 C , which was close to a minute in the present study. It is interesting to compare these spontaneous polarization transfer processes with analogs based on J-transfers that are discussed in the hyperpolarized literature. [8, [10] [11] [12] [13] [27] [28] [29] [30] Although it is likely that coherent transfer sequences such as INEPT could lead to larger single-shot 1 H signals, the mechanism presented here evidences a number of advantageous features. These include a simplicity that would be welcome in single resonance systems (including MRI scanners) and a predictable and longlived nature of the transfer that enables the simple acquisition of arrays of 1 H-enhanced spectra. This could, in turn, prove valuable for achieving further enhancements in 1D 1 H NMR acquisitions than what was here described, as well as 1 H-based 2D NMR acquisitions. This phenomenon could also have potential in heteronuclear correlations, for which one seeks to H satellites by 13 C-based pulses. a) A pyridine sample was initially polarized at w e + w C for 2 h, then at % w e + w H for 20 min, followed by the pulse sequence shown. This included an initial delay of % 2 s, a hard 1808 13 C pulse, and the collection of a series of 1 H spectra in succession with small flip-angle pulses. b) First 1 H spectrum in the series, emphasizing an asymmetry in the 13 C-bonded satellites which is opposite to the asymmetries shown in all previous spectra of this study. c) Complete time series evolved by the upfield H a resonance, with acquisitions being approximately 1 s apart revealing the unusual evolution of the individual satellite transitions before gradually returning to their equilibrium values. d, e) Summary of the experimental satellite peak intensities and expectations from Equations (3) (4) (5) , with the dashed line indicating the time at which the hyperpolarized 13 C magnetization was inverted. See the Supporting Information for the animated spectrum of (b, movie 5).
